A search was performed for single-nucleotide polymorphisms (SNP) and short insertions-deletions (indels) in 34 melon (Cucumis melo L.) expressed sequence tag (EST) fragments between two distantly related melon genotypes, a group Inodorus 'Piel de sapo' market class breeding line T111 and the Korean accession PI 161375. In total, we studied 15 kb of melon sequence. The average frequency of SNPs between the two genotypes was one every 441 bp. One indel was also found every 1666 bp. Seventy-five percent of the polymorphisms were located in introns and the 3′ untranslated regions. On average, there were 1.26 SNPs plus indels per amplicon. We explored three different SNP detection systems to position five of the SNPs in a melon genetic map. Three of the SNPs were mapped using cleaved amplified polymorphic sequence (CAPS) markers, one SNP was mapped using the single primer extension reaction with fluorescent-labelled dideoxynucleotides, and one indel was mapped using polyacrilamide gel electrophoresis separation. The discovery of SNPs based on ESTs and a suitable system for SNP detection has broad potential utility in melon genome mapping.
Introduction
Melon (Cucumis melo L.) is an economically important vegetable crop cultivated in tropical and subtropical climates. It is a diploid species (2n = 2x = 24) and has a relatively small genome size estimated to be about 450 Mb (Arumuganathan and Earle 1991) . The polymorphism level in melon is relatively high as reported by simple sequence repeat marker exploration in a wide collection of melon germplasm (Monforte et al. 2003) . Several melon genetic maps have been constructed based mainly on RAPDs, RFLPs, AFLPs, and simple sequence repeats (Oliver et al. 2001; Périn et al. 2002) , and some important agronomic traits (e.g., monogenic disease resistance) have been positioned (Morales et al. 2002; Périn et al. 2002) . Disease resistance is a major melon breeding objective, but breeding for melon fruit quality traits such as ripening-related characters, fruit texture, and total sugar content are also of great importance. The majority of traits controlling these fruit processes exhibit quantitative inheritance. Once the map position of a quantitative trait locus is known, high-resolution mapping of the region is needed to completely characterize the quantitative trait locus (Fridman et al. 2000) .
Single-nucleotide polymorphisms (SNPs) are the most frequent type of variation found in DNA (Brookes 1999 ).
Because of their high frequency of occurrence in genomes, SNPs are a rich source of variability that can be used to saturate genetic maps. SNPs are also potentially useful for association mapping of interesting traits, as reported for some human genetic diseases (Botstein and Risch 2003) . Although individual SNPs are less informative for population genetic studies because of their biallelic nature, they show several advantages over other marker types such as their high frequency and ease of automation. Initiatives devoted to the discovery and annotation of SNPs (http://www.ncbi.nlm.nih. gov/SNP) have led to the construction of dense maps in man and mouse (Wang et al. 1998; Lindblad-Toh et al. 2000; International SNP Map Working Group 2001) . In plants, SNPs have been detected through high-throughput analysis in Arabidopsis (Cho et al. 1999) . But because of the expense of high-throughput technology for SNP discovery and detection, they have not been widely used in plant species. Particularly, expressed sequence tag (EST) collections are a good source for SNP (cSNP) discovery and they have recently been used as a source for identifying SNPs in some plant species such as sugar beet (Beta vulgaris L.) (Schneider et al. 2001) , maize (Zea mays L.) (Ching et al. 2002) , rice (Oryza sativa L.) (Nasu et al. 2002) , soybean (Glycine max L. Merr.) (Zhu et al. 2003) , and sugarcane (Saccharum hybrid) (Grivet et al. 2003) .
Several methods have been described that allow the highthroughput detection of SNPs. Remarkable are those based on single primer extension reactions such as pyrosequencing (Alderborn et al. 2000) and matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (Rodi et al. 2002) . Other methods are based on the detection of heteroduplex sequences by denaturing high-performance liquid chromatography (O'Donovan et al. 1998) or Taq-Man PCR assays (Livak 1999 ) among others. Moreover, several cheaper strategies based on agarose gel electrophoresis are also available for SNP detection, such as cleaved-amplified polymorphic sequence (CAPS) markers (Konieczny and Ausubel 1993) . Choosing one of these technologies for SNP detection largely depends on the number of samples to be analysed, the cost of the reaction, and the automation process employed.
Therefore, a study was designed and conducted to estimate the frequency of SNPs in melon coding sequences to further the use of this marker type for genomic applications in melon. For this purpose, a set of melon EST sequences were used as a source of SNP discovery using DNA resequencing from two genetically distant melon genotypes. Some of the SNPs detected were positioned in a previously constructed genetic map using CAPS markers and single primer extension technology.
Materials and methods

Plant material and DNA extraction
The 'Piel de Sapo' market class breeding line T111 (PS) and the Korean plant introduction PI 161375 (PI) were used. These two lines are the parents of the F 2 population used to construct the melon genetic map obtained by Oliver et al. (2001) . The hybrid between the same parents was used to develop a double-haploid line (DHL) population of 88 individuals that was used for mapping the ESTs herein. The details about the DHL population development and map transfer from the F 2 population have been previously described (Gonzalo 2003) . Both parents can be considered inbred lines and fixed for all loci tested (Oliver et al. 2001) . Melon genomic DNA from the parents and the DHL population was extracted as previously described (Garcia-Mas et al. 2000) .
Amplification of EST sequences and SNP discovery
Primers were designed from the 3′ region of the cDNAs using the Primer3 software (Rozen and Skaletsky 2000) . Primers amplified an average region of 400 bp that covered part of the 3′ untranslated region (3′UTR) with the objective of maximizing the probability of finding polymorphisms. Optimal PCR conditions for each primer pair were tested on a temperature gradient thermocycler PTC-200 (MJ Research, Waltham, Mass.) in 10 mM Tris-HCl (pH 8.3), 2.5 mM MgCl 2 , 50 mM KCl, 0.001% gelatine, 400 µM of each dNTP, 0.4 µM of each primer, 2.5 U Taq polymerase, and 50 ng of genomic DNA in a final volume of 50 µL with an initial denaturation step for 2 min at 94°C, followed by 35 cycles at 94°C for 20 s, 45-65°C for 20 s, and 72°C for 30 s with a final extension step at 72°C for 5 min. Once the right annealing temperature was found for each primer pair, the target region was amplified from both PS and PI lines using the above conditions. The PCR product was then purified with the High Pure PCR Product Purification kit (Roche, Mannheim, Germany) and sequenced using the ABI Prism BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, Calif.) with an ABI Prism 377 genetic analyser.
Sequences obtained from the two parental lines were aligned using the GCG package (Genetic Computer Group, Madison, Wis.), and SNPs and insertions-deletions (indels) were characterized. Putative SNP positions were visually verified directly on the sequence chromatogram, and the genomic sequences were compared with the original EST sequence to identify possible introns.
SNP detection
Once an SNP was discovered, the restriction map of each sequence was obtained from the two parents using the GCG software and searched for restriction enzymes sites that would distinguish both alleles, allowing for the subsequent mapping of SNPs as CAPS markers (e.g., ESTs CM1.41, CM2.22, and CM5.50). For EST CM1.11 an internal primer was designed that annealed immediately upstream of the SNP C-A position (5′-AAGATGAACACAAAATTTCCA-3′) and the primer was extended using the ABI Prism SNaPshot ddNTP Primer Extension kit (Applied Biosystems). Fifty nanograms of the EST CM1.11 amplicon was treated with 2 µL of ExoSAP-IT enzyme (USB, Cleveland, Ohio) at 37°C for 15 min and the enzyme was heat inactivated at 80°C for 15 min. ExoSAP-IT uses two hydrolytic enzymes (exonuclease I and shrimp alkaline phosphatase) to remove dNTPs and primers from the PCR that may interfere in the extension reaction. Twenty-five nanograms of the treated DNA was used as template for the extension reaction using 2 pmol of the internal primer and 5 µL of SNaPshot Ready Reaction Mix, with 25 cycles at 96°C for 10 s, 50°C for 5 s, and 60°C for 30 s. The extended primer was treated with 1 U calf intestinal phosphatase (Roche) at 37°C for 1 h and the enzyme was heat inactivated at 75°C for 15 min. The resulting extended primer was visualized on an ABI Prism 3100 genetic analyser (Applied Biosystems) with the recommended conditions from the manufacturer for performing SNaPshot analysis.
The 3-bp insertion in PI 161375 for SNP MC224 was detected by PCR amplification of a short fragment of 92 bp from the original EST. One of the primers was labelled with IRD-800 (MWG Biotech AG, Ebersberg, Germany) and detection of the amplified fragments arising from the PCR was accomplished with a LICOR IR 2 sequencer (Li-cor Inc., Lincoln, Nebr.).
SNP linkage analysis
Segregation of the SNP markers in the DHL population was visually scored and then the JoinMap 3.0 program (Van Ooijen and Voorrips 2001) was used for linkage analysis using these scores. SNP markers were included in the DHL framework melon genetic map (Gonzalo 2003) , which can be directly compared with the F 2 genetic map from Oliver et al. (2001) .
Results
Types and distribution of polymorphisms
A total of 41 EST sequences were chosen for primer design and amplification of the parental lines PS and PI. The ESTs selected were drawn from a collection of 1085 melon ESTs from our laboratory (unpublished data) based on sequences containing the 3′UTR and the poly(A+) tail. Six ESTs corresponded to RFLP markers that had previously been positioned on the melon map of Oliver et al. (2001) . Thirty-four ESTs (82.9%) amplified a clear DNA fragment using genomic melon DNA as template (Table 1 ). The remaining seven ESTs (17.1%) failed in the amplification step. For 18 (52.9%) of the amplified ESTs, the size of the fragment obtained was longer than the expected size from the EST sequence. In all cases, this was due to the presence of at least one intron in the region amplified between the primers. For the remaining ESTs, the size of the amplified fragment fitted the size of the expected fragment (Table 2) .
Approximately 15 kb of melon DNA was sequenced and a total of 43 polymorphisms were identified (34 SNPs and 9 short indels). The calculated SNP frequency was 2.26 × 10 -3 for this set of ESTs or the equivalent one single nucleotide change every 441 bp. Indels occurred less frequently, about one every 1666 bp. We found 11 SNPs (32%) in coding regions, whereas the remaining 23 (68%) were located in noncoding regions, either in 3′UTR or intronic sequences. No indels were found inside coding regions. The length of the nine indels varied from 1 bp (most frequent, found five times) to 13 bp (only once). On average, 1.26 polymorphisms were detected in each amplicon. Of the 34 SNPs detected, 23 (68%) were transitions and 11 (32%) were transversions.
Seven SNPs (64%) that were located in coding regions gave rise to synonymous changes (in six of them, the SNP was located in the third nucleotide position of the codon), whereas four SNPs (36%) produced nonsynonymous changes.
SNP detection and mapping
For the establishment of an efficient SNP mapping system in melon, three different approaches were used. The first one consisted in the identification of restriction enzymes that selectively cut one of the alleles in the vicinity of the SNP/ indel position, producing CAPS markers. For 70% of the ESTs that contained SNPs, at least one restriction enzyme that could distinguish both alleles was identified. But several of the enzymes were not commercially available. Six of the EST amplicons were digested with the predicted restriction enzyme in six SNP positions (CM2.22 with BfaI, CM5.50 with TaqI, CM1.11 with AluI, CM1.21 with NlaIII, CM1.41 with MslI, and MC252 with AluI). For CM1.11, CM1.21, and CM2.22, a high number of fragments were obtained after the digestion with the restriction enzyme, which precluded a correct interpretation. Thus, they were discarded. For the remaining three ESTs, the polymorphism was clearly visible even in the heterozygous state and suitable for genotyping in the DHL mapping population (Fig. 1 ).
An alternative method for SNP genotyping was explored: the single primer extension technology with SNaPshot. For CM1.11, an internal primer for the detection of the SNP C→A 219 was designed. The single primer extension reaction produced a good detection of both alternative alleles C and A in both parental lines as shown in Fig. 2 . The C allele peak (PI 161375) defined a lower molecular mass when compared with the A allele peak ('Piel de sapo'). In the F 1 individual, both peaks were present, confirming that this is a codominant marker type.
Finally, for EST MC224, which contained an insertion of 3 bp in the PI allele, specific flanking primers were designed and a short 92-bp fragment was amplified. After PCR amplification, the resulting fragments were detected in polyacrilamide denaturing gel electrophoresis, used also for simple sequence repeats. A specific primer was labelled with the fluorochrome IRD-800, and the labelled product was visualized using a LICOR sequencer (results not shown). This EST had previously been mapped as an RFLP in Oliver et al. (2001) .
Five ESTs showing an SNP between the parental lines PI and PS were mapped onto the melon genetic map (CM1.11, CM1.41, CM5.50, MC252, and MC224) defined herein. The MC224 marker mapped to linkage group G12, MC252 and CM1.41 to linkage group G8, CM5.50 to linkage group G5, and CM1.11 to linkage group G10. For MC224 and MC252, the SNP map position was identical to the one originally obtained with their corresponding RFLPs.
Discussion
The SNP frequency in melon coding regions has been estimated in this study using a small number of ESTs (34) and the parental lines of the reference map constructed by Oliver et al. (2001) . One of the lines (PI 161375) is a Korean accession included in the group Conomon, whereas the other ('Piel de sapo') belongs to group Inodorus (Monforte et al. 2003) . They belong to two of the most genetically distant groups of cultivated melon, as was previously determined with different markers (Garcia-Mas et al. 2000; Monforte et al. 2003) . We found that 67% of the ESTs analysed contained at least one SNP or indel between both parental lines Note: For indels, the parent with the insertion is given (PI or PS). The SNP/indel location is in parentheses (intron, 3′UTR, or coding region). Table 2 . Thirty-four melon ESTs showing the predicted and real amplified size of the amplicons, the number of SNPs detected for each EST, and their sequence (PI→PS) and position in the amplicon relative to the 5′ of the cDNA.
in the region sequenced. This value is similar to the frequency of probes detecting a polymorphic RFLP using the same parents (i.e., 65%; Oliver et al. 2001) . For each EST, we sequenced only one strand of the amplicon, with an average reading of 440 bp. For the monomorphic ESTs CM1.15, CM1.32, CM2.46, CM5.37, and MC344, the size of the amplified fragment was greater than the average sequenced region (Table 2) , leaving regions of~420 bp/amplicon without analysis. This means that additional SNPs could be present in these regions, increasing the average total number of polymorphic ESTs. For seven ESTs (17%), we could not amplify any DNA fragment. This was most probably due to the presence of long intronic sequences, which has also been previously reported in other species (Bhattramakki et al. 2002; Nasu et al. 2002) . The observed frequency of SNPs between the two parental lines was high, with an average value of one SNP every 441 bp. In addition to SNPs, we also identified short indels at a relatively high average frequency of one every 1666 bp. In humans, the SNP frequency between any two equivalent chromosomes is approximately one every 1000 bp (Brookes 1999) , less than half the value detected between the two melon genotypes examined herein. In Arabidopsis thaliana, the availability of the whole genome sequence for the Col-0 ecotype and a partial sequence from the Ler ecotype allowed the bioinformatic estimation of the SNP and indel frequencies (Jander et al. 2002) . As a result, one SNP was detected every 3.3 kb and one indel every 6.6 kb. In sugar beet, the estimated SNP frequency using two genotypes assessed by 37 ESTs was one SNP every 130 bp (Schneider et al. 2001) . In a recent study performed among 36 maize inbred lines, 17 ESTs detected, on average, one SNP every 60.8 bp and one indel occurred every 126 bp (Ching et al. 2002) . The average among five rice genotypes and one related Oryza species was one SNP every 89 bp and between two randomly selected genotypes was lower, one every 232 bp (Nasu et al. 2002) . The above-mentioned values for man, rice, and Arabidopsis were obtained from genomic sequences containing both coding and noncoding regions. These data are, however, not directly comparable with those obtained herein for melon, since only coding sequences and the neighbour 3′UTR and intronic regions were used. Thus, the actual melon SNP frequency may have been underestimated because only coding regions (ESTs) were analysed, in which the polymorphism rate is known to be lower than in noncoding regions. Nevertheless, this primary data set suggests that the level of polymorphism between these two melon genotypes is not as high as the average value found in rice, maize, or sugar beet but higher than that reported for Arabidopsis.
In accordance with data published for man and sugar beet (Wang et al. 1998; Schneider et al. 2001) , we found 68% of transitions and 32% of transversions. When we looked at the SNPs occurring in coding regions, the proportion of synonymous and nonsynonymous SNPs was comparable with the value reported in maize (63% synonymous in melon versus 72% synonymous in maize; Ching et al. 2002) . Zhu et al. (2003) have recently reported that the low ratio of synonymous to nonsynonymous mutations in soybean (2.6, similar to 1.7 in melon) may suggest the presence of a relatively high level of slightly deleterious mutations. There were more SNPs in noncoding introns and 3′UTRs (23) than in coding regions (11). This was also observed in maize (Ching et al. 2002) and soybean (Zhu et al. 2003 ). This point is important, as it suggests that the discovery of SNPs should be targeted to the 3′UTRs of cDNAs or to positions where introns are known to be located. A previous search in the sequence databases for intron positions in the ortologous genes corresponding to the melon ESTs would be advisable, as it would help for prediction of the corresponding intron position in the melon gene. Targeting primers flanking these introns would maximize the probabilities of finding polymorphisms (SNPs and indels).
An optimized methodology for SNP detection would require easy handling, use of low-cost technology, and the possibility of genotyping thousands of samples in a highthroughput operation. The decision for use of CAPS markers is most straightforward when the SNP occurs in a restriction enzyme site. For the 24 ESTs in which we identified at least one SNP or indel, only 70% could potentially be detected as CAPS. Approximately half of these were not useful because the enzyme was not commercially available or the banding pattern obtained was difficult to interpret. The conclusions are that CAPS-based markers are suitable for mapping only a small part of the melon SNPs and that this system should not be considered for a large-scale SNP detection program in melon because it cannot be easily automated.
As an alternative to CAPS for which automation is amenable, we successfully applied the SNaPshot method for detecting and mapping SNP CM1.11. The single primer extension protocol worked efficiently. However, based on cost, each SNP reaction is still too expensive and the process requires two purification steps before SNP detection, thus increasing the time needed for SNP detection. For small indels, as the one present in CM224, a simple genotyping alternative might be the detection of the small-size polymorphism using denaturing polyacrilamide gels, as has been suggested by Bhattramakki et al. (2002) for maize. We successfully genotyped SNP MC224 taking advantage of the indel presence. Other melon markers have been successfully mapped in our laboratory using both SNaPshot and size polymorphism methods, confirming their applicability (J. Garcia-Mas, unpublished) .
Several other methods have been used in plants to detect SNPs as single-stranded conformational polymorphism or heteroduplex analysis (Schneider et al. 2001; Martins-Lopes et al. 2001) , single nucleotide extension reaction with AcycloPrime FP SNP detection (Nasu et al. 2002) , denaturing high-performance liquid chromatography (Kota et al. 2001) , and DNA chips (Cho et al. 1999) . At this time, it seems that none of these methods have clear advantages for their immediate application.
We envision SNP discovery from ESTs in melon as an excellent way to obtain high-quality markers to saturate the melon genetic map. The SNP technology may allow us to map candidate ESTs associated with agronomic traits and obtain a transcript map, which can be directly compared with previously identified quantitative trait locus positions. The determination of the allele frequencies for each SNP identified in a wide collection of genotypes representing a melon germplasm and the study of the haplotype structure of some of these loci would likely be profitable avenues of research for management and breeding of improved germplasm.
